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SEIXCTION OF OPTIMUM CONFIGURATIONS FOR BEAT EXCHANGER

W121?EONE DOMINATING FILM RESISTANCE

By E. R. G. Eckert and T. F. DnAne, Jr.l

An investigation of the problem of selecting heat-exchanger config-
urations for optimum performance was made. The fluid on one side of the
exchanger was assumed to have negligible heat-transfer resistance, and
the amount of heat exchanged per unit time and the mass flow and inlet
state of each fluid were prescribed. Any one of the parameters, power
expended, weight, volume, or frontal area, can be optimized with respect
to any one of the three remaining parameters when the heat exchanger is
arranged normal to the a~roaching primary fluid. When the heat exchanger
is inclined at an angleto the upstream direction, any one of the param-
eters, power, weight, or volume, can be optimized with respect to any one
of the two remaining parameters. With this arrangement, the projetted
frontal area of the inclined heat exchanger will be equal to that of the
heat exchanger requiring the minimum duct cross-sectional area when
arranged normal.to the primary fluid flow.

This method of optimization is illustrated for several compact heat-
exchanger configurationswhere a prescribed amount of beat is transferred.
The calculations were made to determine which configuration requires the
least energy to drive the primary fluid for a prescribed weight, volume,
or frontal area. The calculations also include inclining the heat ex-
changer at sn angle to the upstream direction. For this arrangement, the
least energy required to drive the fhid for a prescribed weight or volume
was considered for the various configurations.

The results for heat-exchauger configurations for which heat-transfer
data are reported in the literature are presented in the form of charts
“which illustrate the method of analysis and the results that can be drawn.

‘Instructor, Mechanical Engineering Bepsrtment of the Universi~ of
Minnesota.
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INTROIXJC!JZON

The task of optimizing a heat-exchsmger design occurs continuously
in the development of such equipment. Usually the goal of the optimiza-
tion is to make the over-all cost for building and operating the heat
exchanger a minimum. It is dMficult to obtain generally ap@icable
results from such investigations, since the ratio of initial to operating
costs and the production costs of clifferent heat-exchanger geometries are
subject to continuous fluctuations. In some cases, however, especially
for heat exchangers installed in vehicles such as cars, ships, or air-
craft, other factors besides the cost become more important. These pa-
ramet=s are the power required to drive the coolants through the heat
exchanger and the weight and over-all volume of the heat-exchsnger equip-
ment. Jn addition, quite often the frontal area that the heat exchanger
exposes to the approaching stream of coolant is of special importance.
For such applications, an optimization is required with respect to these
parameters. An investigation with this as a goal can be put on quite a
general basis and can result in generally applicable rules.

For general conditions, like finite heat resistances on both sides
of the heat-trsmsferr~ area and clifferent mass-flow rates and heat
capacities of the two fluids, the task of optimizing an exchanger is a
coqlex one which can be performed only in several steps. The goal of
such an investigation is to distribute the heat-transferring area properly
to both sides, to determhe the optimum flow velocities for both fluids,
and to select surface configurations for both passages. Numerous inves-
tigations of this type have been published (r&s. 1 to 8), especially on
the subject of optimizing regenerators for gas turbines. The complexity
of the problem made it necesssry to employ simplifying assuqtions. Heat
transfer and friction were assumed to fallow relations in the form of
power functions; entrance and end losses were neglected. Heat capacities
and mass-flow rates of both coolants were often assumed equal. Results
of such calculations sre very useful end time saving in approximating
optimum conditions; however, they have to be followed by umre exact trial-
and-error calculations.

On the other hand, conditions are much simpler for heat exchsmgers
in which the heat resistance on one side is so smsdl that it csn be neg-
lected (refs. 9 and 10). For such a heat exchanger, an optimization can
be carried out on a very general basis and with inclusion of all the
effects that have just been mentioned. Such an tivestigation is desirable
for newer applications such as occur in nuclear-reactor design. The
present report is concerned with such a study and especially with the task
of comparing clifferent heat-exchanger configurations with respect to pres-
sure drop, frontal area, volume, and weight required. The study is based
on friction and heat-transfer characteristics of heat-exchanger configu-
rations that have been published recently (refs. IJ-and 12). The study
also includes the possibili~ of improving the performance of a heat ex-
changer by srrangm it at an angle to the oncoming coolant stream.
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lEVIZIOPMIZNTOF HEAT-EXCHANZR EQUATIONS

Definition of the Optimization Study

For the present investigation; it is assumed that the heat exchanger
is arranged in a duct of constant cross section. (lenera,lly,an optimi-
zation must consider the conditions for both media between which the heat
is exchanged. In this report it is assumed, in accordance with the
INTRODUCTION, that the heat transfer to the medium on one side of the
exchanger is such that any heat resistance on that side can be neglected.
The conductive heat resistance in the primary exchanger wall is slso
considered negligible. Under this stipulation, the heat exchanged depends
only on the conditions of the other coolhg medium, which is called the
primary coolant. The comparison is made between heat exchangers that
must transfer identical amunts of heat per unit time in the heat ex-
changer; the mass flow of both fluids through the exchanger and the states
(pressure end temperature) of the fluids at the entry to the exchanger
are prescribed. Any one of the parameters, power ~ended, weight,
volume, or frontal area, csn be optimized with respect to any one of the
three remaining parameters. By inclining the heat exchanger into the
primary flow direction, one of the parameters, power expended, weight,
or volume, can be optimized with respect to my one of the remaining two.
The projetted frontal area of the heat exchanger in the inclined position
is equal to that of the exchanger requiring the minimum frontal area when
arranged normal to the flow. Special considerationwill be given to the
problem of f~ing which specific heat-exchanger configuration transfers
the prescribed amount of heat from the primary to the secondsry medium
with the least energy required to drive the primary molant, for pre-
scribed heat-exchsnger weight, volume, or frontal area. Before starting
with this study, the parameters that are used to describe a certain heat-
exchanger configuration sre summerized briefly.

Friction and Heat-Transfer Characteristics

The friction and heat-transfer chsracberistics of different heat-
exchanger configurations sre usually published in the form of friction
factor f and Stanton nuuiber St. For instance, the results of experi-
mental investigations(refs. 11 and 12) on compact heat-ekhauger con-
figurations have been published in this form. The present report is
based on the data of references 11 and 12; hence, the definitions and
nomenclstmre for the clifferent parameters follow quite closely those in
the mentioned references.
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Friction factor. - The friction factor is defimed by the following
equation:

A ~
A-P

friction = f~Pm~ (1)

(Symbols are defined in the appendix and in fig. 1.)

Stanton nwiber. - The Stsnton number describing”the heat trsnsfer
from the primsry coolant to the heat-exchanger surface is defined by the ~

equation

‘t = ~P:vm = ~hcvc

The ~ecific heat ~ will be considered constant. The
coefficient h iS defined by

m

(2)

heat-transfer

(3)

The exchanger surface srea A msy consist of a finned and an unfinned
(in direct contact with the other coolant) surface. In equation (3),
t indicates the mean wall surface temperature on the primary-coolant
w,m
side including the fins. This temperature is lower than the temperature
of the unfinned heat-exchsnger wall, since the heat-conduction process
from the unfinned wall surface into the ftis reduces the average temper-
ature of the wall. Equation (3) can also be written in such a wsy that
it contains the temperature of the unfinned wall surface ~, which is
equal to the temperature of the second coolant.

Q = qo~(tw- tm)

In this expres~ion qO indicates the surface
primary-coolant-side heat-exchanger surface.
posed of the effectiveness of the fin proper

(4a)

effectiveness of the total
This effectiveness is com-
n~ and the effectiveness

of the unfinned surface (which is ass&ed- to b~’unity) according to the
equation

(4b)

In this equation, + is the primary-coolant-side fin surface and A the
total.(unfi.nnedand finned) surface. The fin effectiveness is given by

.

—. _.—. —— ——.-. —_-
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The friction factor and the Stanton nuniberare functions of the
Reynolds nuniberdescribing the flow through the heat”exchanger.

Reynolds nuniber.- 5e Reynolds number is defined as

pmvm~ pcvcy
Re=— —

b=b

The hydraulic diameter ~ in this equation is

~=f$

There is some arbitrariness in the definitions
sages that change their shape or cross section

(4C)

(5)

defined as

(6)

of Ac and C for pas-
in flow direction. In

s&eement with &erences fi and 12, the minimum flow area ~ will be
used and the circumference C is calculated from the relation A = LC
(for total nuuber of passages). W some heat-exchanger reports the
hydraulic radius ~ = A~C is used instead of the hydraulic diameter;

therefore, care must be.taken in using parameters from the literature to
determbe on which of these characteristic lengths the parameters are
based.

In recent investigations at the lWICA(ref. 13), it has been estab-
lished that better correlations are obtained; especially for large tem-
perature differences, when the density h equations (1), (2), and (5) is
evaluated at the film temperature. Here, the value in the core of the
fluid (at bulk temperature) will be used, stice this simplifies the cal-
culations considerably. Only for heat exchangers operating with very.
large temperature changes are large deviations caused by this
simpl.Mication.

Thermal effectiveness. - The “thermaleffectiveness is defined as the
ratio of the temperature change of that one of the two media for which
the heat-capacity rate is smaller to the initial temperature &Wf erence
between the two media before they enter the heat exchanger. ~en the
medium with the smaller heat-capaci~ rate ~ is the primary coolant,
the expression for the thermal effectiveness is

(7a)

. ..- -——.-. . .-— — —. -—. -
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When m’c; is smaller than ~, the equation is

(7b)

The thermal effectiveness is alwsys considered positive. In equations
(7a) - (7b) me t-eratures -e entered h such a WSY fiat a positive.- . . —

~T

the
the
Tu
ent

resuits for heat flow from the secondary to the primary fluid.

The thermal effectiveness ~T depends on the flow arrangement in
heat exchanger (counterflow, parallel flow, or cross flow) and on
parameter Tu, the number of transfer units. The relation between

a VT can be read from figures 1 to 7 h reference 11 for dMfer-
fluw arrangements. Figure 2 shows this relation for some flow

arrangements. It has an especially simple analytical form for
m% CC mt~;

Tu=ln+
- ~T

(8a)

For counterflow with ~ = m’~,

(8b)

In the
m% e m’%

ante on the

nomenclature used herein, Tu has the form UA/m~ when
and UA/m’~ when m% > m’~. For negligible heat resist-

secondary-coolant side and in the primary heat-trsnsfer wall,

u= 11&

The parameter Tu converts to @M/m~ when .m% < ml~ and

@A/m’ ~ whm ~ > m’~. With the equation

the followhg relation holds for m% < m’%:

and for m% >m’c$

(9)

(lo)

“(l.la)

(llb)

e

w

.— .—— -— ——
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The thermal effectiveness deterdnes the length-to-diameter ratio of
the passages according to equations (8a) or (8b) and (ha) or (llb) as
soon as the parameter qOSt is prescribed. For the heat exchangers in-

vestigated later in this report, qOSt varies between 0.002 and 0.02;

the larger value belongs to configurations having flow separation and low
Reynolds nudxms. For qoSt= 0.02 and q~ =-0.4, equations (8a) and

(ha) give a value of L/dh= 6.39. This value msy well.be too small to
establish developed flow. However, it will be assumed herein that fric-
tion factors and Stanton nunkmrs are independent of the passage length in
the direction of flow or, in other words, that the flow is fully developgd
over the major portion of the passage length. Accordingly, some caution
must be exercised in applying the results of this report when the thermal
effactiveness of a heat exchanger and the Reynolds nunikr are simul.tene-
Oouslysmall.

There is a unique relation between the mean temperature difference
A% = ~ - ~ in the heat exchanger, the thermal effactiveness, and the

initial temperature difference, which in this study is a prescribed pa-
rameter. It can be derived from the foll.owingequation for m% < m’%:

or

‘%Atm = —UA @~

Use of equations (ha) and (9) transforms

~T
Atm = ~

This equation holds also for ‘% ‘

(t~ -

“%”

A L-

- q (u)

equation (12) into

t~) (13)

Heat-Exchanger Size Parameters

In addition to the friction and heat-transfer parameters, some pa-
rameters are required which describe the particular configuration of the
exchanger. The ratio of free-flow srea Ac for the primary coolant
stream through the heat exchanger to the frontal area +r is denoted by

.=* (14)

Another parameter
area A available per

is needed to indicate the amount of heat-transfer
unit of total heat-exchanger core volume v. The

.. .. . . . ..——— — — — ———— .—
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ratio A/v can be calculated for various heat-exchanger configurations
from the information contained in references Xl_and 12. ~ USi~ this
value as a parameter, however, the following fact must be considered:
When a comparison is to be made between different heat-exchanger config-
urations, a parameter should be avaibble that is independent of the scale
of the particular configurations (where the scale, for instance, is char-
acterized by the hydraulic dismeter dh of the passages). In the pa-
rameter A/v, however, the area A increases proportionally to the square
of the characteristic length, whereas the volume v varies proportionally
to the cube of the charact=istic length. Therefore, the value Ad~v
is a better parameter describing the available surface srea per unit
volume, since this parameter is independent of the scale in which the
particular configuration is produced.

The ratio of surface area A to weight W of the heat-exchanger
core is obtainable from the information in references 11 and 12. It iS

assumed that all different heat exchan&rs compared in this report are
made of the same material.;therefore, a density of 1 will be arbitrarily
postulated for the solid material of the exchsnger. The area weight pa-
rameter is then actually the ratio of surface area to volume of the solid
material.. Again, this psr=ter has the disadvamtsge of changing its
value when the scale of the particular heat-exchanger configurateion is
varied. When the heat-exchamger configuration is enlarged to one geo-
metrically similar, this ratio will vary as the ratio A/v; in other
words, a parameter Adh/W will have a constant value for a specific
configuration regardless of its scsle. However, the wall thickness of
the material from which the heat exchanger is manufactured may be pre-
scribed by the manufacturing process rather than by other considerations.
In this case, the wall thiclmess must be kept constent when the scale
(hydra~c diameter dh) of the heat-exchanger core is changed. The
weight then increases proportionally to the thickness s of the material
and to the square of the hydraulic diameter, whereas the heat-transfer
area increases proportionally to the squsre of the hydraulic dismeter.
Correspondingly, a parameter As/W, with S constant, depends only on
the geometry and not on the scale.

Basic Heat-Ecchanger Equations

Heat transferreiiper unit volume. - The heat flow transferred h
the heat exchanger can be written

Q= UAAtm (15)

Introducing the over-all heat-transfer coefficient U from equations
(2) and (9) aud the mean te?qerature difference from equation (J3) gives

(16)
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Finally, the mass velocity pcVc can be expressed by the Reynolds nunib~

Re, aud the following ~ression is obt&ined for the heat flow per unit
core volume

(17)

The values on the right side of the equation are grouped together into
different parameters. The first group consists of the values that are
characteristic for a spectiic task of the heat exchanger (specific heat,
viscosity, and initial temperature difference). The second group com-
prises the parameters describing heat-transfer and flow characteristics,
scale, and configuration of the exchanger. The third group indicates the
influence of the thermal effectiveness. The expression Q/v is one of
the relations needed for the intended optimization, since it expresses
the heat exchsmgedper unit volume in the parameters that are avaihble
for the various exchanger configurations.

Heat transferred per unit weight. - In the ssme way, the heat ex-
cha.Dge Per ’Udt Wei@t of heat-exchanger core ~ rewritten

(18)

Again the right side of the equation is composed of parameters pertinent
to the specific task of the heat exchanger, to the heat-exchanger config-
uration, and to the thermal effactiveness.

Power required for normal flow. - The drop in total pressure in the
air flow through the heat exchsmger consists of three parts: the pres-
sure drop due to friction, the pressure drop due to contraction or de-
celeration at the entrance end exit of the passages, and a pressure drop
due to acceleration of the flow in this passage caused by the temperature
increase in the primary coolest. The pressure drop due to friction b
the passages is characterizedby the friction factor and is defined in
equation (1). 5e pressure drop at entrauce and exit can be written as

The pressure-drop coefficient ~, for a sudden increase in cross section,
is usually calculated by use of the equation ~ = (u - 1)2 from the
momentum law. The coefficient ~ depends on the inlet geometry and has
to be taken from reference 14 or from various handbooks. The pressure
drop due to acceleration is given ‘by

. ,,_—. . . —.. ..-. — ..— ——— —-—
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Ae
acc =

From the total-pressure drop

pow= requtied to drive the air through the heat exchanger
culated as

N = J-IcV#

(20)

+ APacc, the

cen be cal-

(21) ~
~

BY introduction of equations (1), (19), and (20) for the pressure drop,
m

dividing equation (21) by the core volume v and replacing A~A from
equation (ha) gives the followlng expression for ~< m’%

N P; Adh v:

[ (1

Pc 3“hl
-= ~ fRe3 y+ 4%+:%+~- 1 qoStRe —.
v

2Pmdh 2p&mdh
v Tu

(22)

l?hisequation expresses the power requtred per unit heat-exchanger volume
as a function of the prescribed parameters. The first term on the right
side contatis only the surface A of the heat exchanger, whereas the
second term depends also on the ratio of surface area to cross-sectional
area, which in this equation is conttied in Tu. The corresponding
equation for the power requ3red per unit weight for m~< m’c$ is

.

(23)

In many cases it is of special interest to know the amount of power ex-
pended per amount of heat ~chsnged. This can easily be obtained by
diviMng equation (22) by equation (17) or equation (23) by equation
(I-8). The corresponding expression for m% < rnt~ is

(24)

OPT~ON FOR NORMAL FLOW
.

Among the four parameters, power expended, weight, volume, and
frontal area, any one cm be optimized with respect to any one of the

.

— .—— --— _—-— . —
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remaining. For instance, it can be determined which of various heat-
exchanger cores, all transferring a prescribed amount of heat Q and
having the same weight W, requties the smallest power N. The task
might also be to determine which core of a heat exchanger designed for a
certain heat flow Q and having a prescribed volume v has the smallest
frontal area Afr. Such an Optitiation can be easily made with the help
of figures of the type that will be presented for a nuniberof heat-
exchanger configurations that are optimized for minimum power expended
with respect to frental area, volume, or weight. The configurations are
indicated in figure 3. A representative configuration was chosen from
each of the different families of exchangers discussed in references 1.1.
and 12.

In the comparisons made b this section, the end
losses have been omitted ft?omequations (22) to (24);
these deletions, the folluwing equations sre obtained

N v: ~e3 Adh

v‘=2P24
.% y

N P# Adh

w
~ fRe3 ~

– = zpm~

G fRe2 Tu——

2p:cp(t~ - ti) {r&t ‘T

and acceleration
as a result of

(for ~ < m’%):

(25)

(26)

End losses can be neglected for heat exchangers that have a certain min-
imum depth so that the friction losses are large compared to the end
losses. Figure 4 illustrates the msgnitude of the entrance and exit
losses in relation to the friction losses. All the curves are not shown,
since the ranges of friction and Stanton parameters were not known h the
requtied Reynolds nwiber range. The upper and lower curves for each con-
figtiation were obtained by using the corresponding maximum or minimum
values of the .~iction factor and the Stanton nuuiberfrom the data pre-
sented ti references 11 and 12. The figure shows that, at a thermal
effactiveness of about 0.7, the end 10sses for.configuration 1 range from
20 to 30 percent of the friction losses. At sa’effectiveness of 0.3, the
end losses range from 60 to 100 percent of the friction losses. The
acceleration losses are small as long as the temperature -increasein the.
heat exchamger remains small compared to the absolute temperature of the

“ approaching air flow.
.

—. . . . .— — — —-——
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Optimization of Psnmeter N/Q with Respect to Frontal Area

For a fixed mass flow m through the exchanger and a prescribed
densi~, the frontal area

%
is inversely proportional to the frontal

velocity V&. Accordingly, e frontal velocity may be used as a basis

for comparison inztead of the frontal srea.
Reynolds nuniber,the frontal veloci~ is

%?vfi. — uRe
Pc%l

For prescribed inlet conditions and thermal
tion (27) is proportional to fRe2/~qOSt.

Expressed in terms of the

(28)

effactiveness, W/Q in equa-
Instesilof plotting this pa-

8
a
to

rameter against uRe/~, which is proportional to V , the valhe

7f/u2qOSt, which is the ratio of fRe2/~qOSt to (uRe ~) 2, can be used.

In figure 5 the parameter f/#qOSt is plotted against the parameter
(JRe/dh for COnf@’UratiOnS 1“tO 7 (f@. 3). T& vahES of f, St, u, ‘
and dh were determined from references 11 and 12. Values of qO were

calculated with equation (4b). The value of k in the fin-effactiveness
expression (qfZ eq= (4c)) of 100 Btu per hour per foot per % was used.

This is indicative of a high-conductivity metal.

For each of the configurations, except 7 (finned tube), the width
of the passage for the’primary fluid was assumed equal to the width of
the passage for the secondary fluid, and the parameter u was calculated
accord5n@y. This may somewhat faver configuration 7 in its weight,
vblume, and frontal srea in the following comparison, since configuration
7 has a sma12er passage area for the secondary fhid. For a comparison
of the performance of various heat exchangers with prescribed dimensions,
the hydraulic diameter has different values and the parameters as devel-
oped %efore must be used. E? the heat-exchanger configurations are com-
pared for the same hydraulic diameter, the value dh can be dropped from
the various paramet=s.

.

A comparison of this nature, where dh is included in one case and
eliminated in the other, emphas~es the effect ‘ofthe scale in which the
particular configuration is produced and is presented in figures 5 and 6,
respectively.

Stanton nuuibersfor air were used; therefore, figures 5 and 6 hold
for air as primary coolant. They can, however, be used for any coolant
as long as only ratios of the ordinate values are used for a comparison
of various configurations. The absolute values of the ordinate are

.

valid for a fluid with a Prandtl nuniber Pr when the Stanton nunber St “
in the paramet= on the ordinate is replaced by St(Pr/O.671)2~3. The
other figures in the report cau be generalized in the ssme way when the

.

change in the Stanton nunhr is made wherever it appears.

—-——— .. —...— — —
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Figures 5 and 6 show that the power N required varies considerably
for the different heat-exchanger configurations, especially at the higher
flow velocity. When a certain frontal area (or frontal veloci~) and
heat flow Q are prescribed, a substantial saving can be obtained.when,
for instance, heat exchanger 3 is replaced by heat =&anger 7. Figure
6 indicates that, at a value of uRe = 3000, the power N required for
heat exchanger 3 is 13.6 times as large as that for heat exchang= 7.
An inspection of the different curves shows that the power required gen-
erally decreases as the flow through the passage becomes smoother. In
this type of optimization, flow separation and even turbulence should be
avoided as much as possible. The relative exchanger volume or weight
required for tke different cotiigurations can be determined from figures
7 to 10. ,,

Optimization of Parameter N/Q with Respect

Transferred per Uhit Volume

The power required per unit heat flow for various

to Heat

heat-exchanger
configurationswith respect to heat transferred per unit core volume is

5
presented in igures27 and 8. ~The characteristic ordinate parameters for
N/Q are fRe /qoStdh or fRe /qoSt from equation (27). The corre-

sponding abscissa parameters for Q/v are (qoStRe/#) Ad~v or

(qoStRe) Ad~v from equation (17). Figure 7 compares the heat-exchanger

cotiigurations us5ng the dimensions shown in figure 3, whereas figure 8
compares dtiferent heat-exchanger configurations assuming that all have
the same hydraulic diameter. Comparison of figures 7 and 8 shows that
the scale hydraulic diameter is a parameter to be considered in the
optimization. For instance, the relative positions of exchsmgers 1 and
3 are reversed. The order of the configurations in figures 7 end 8 is
signtiicantly different from that in figures 5 and 6. Heat exchangers
that are poor in the comparison of N/Q with V= (or ~) =e good

in the present comparison, and vice versa. This is especially apparent in
figure 8, where the hydraulic diameters of all passages are equal. This
means that the selection of the most advantageous configuration will
depend upon which of the psmameters is especially important in a specMic
application. This behavior has already become appsrent in a study on
bare-tube heat exchangers reported in reference 10. The relative frontal
area for heat exchangers with the same volume can be determined from the
information given in figures 5 and 7 or figures 6 and 8. As would be
expected from the discussion in the previous parsgraph, that heat ex-
changer in a group, all haming the same core vmlume, which has an espec-

ially low power consumption per unit of heat transferred usually has a
low frontal velocity and correspondingly a l~ge frental srea.

.“. . .

,.
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of Parsmeter ii/Q with Respect to Heat
,.

Transferred per Unit Weight

Figures 9 snd 10 sre the bases for a comparison of power expended
for a heat exchanger with a certain weight. A study of the figures indi-
cates that this comparison generally reveals the same trends as figures
7 and 8; this means that a heat-exchanger configuration that is good with
respect to volume is usually also good with respect to weight. However,
th=e ere some exceptions in which a heat exchanger that is better from
a weight standpoint will have a poorer performance from a volume stand-
point. The corresponding frental velocities can be obtained from the
information presented in figures 5 amd 9 or figures 6 and 10.

!2
(n
to

In addition to the exchangers studied in figures 5 to 10, similar
calculations have been performed for the remainder of the configurations
reported in references 11 and 12. Because of spade limitations, it was
necessary to restrict the study herein to a few representative exchangers.
Similar curves sre available from the Heat Transfer Laboratory, University
of hlimnesotafor the remainder of the configurations.

MODIFICATION OF EQUATIONS FOR INCIJIED HEM’ EXCHANGER
.

~ the preceding optimization it became evident that a gain in one
of the parameters is ususlly accompanied by a loss in another; for in- ‘
stance, in the comparison of heat exchangers with the same frontall.area,
the ones that had an especially low power requirement had a large weight,
and tice versa; or in the comparison on the basis of the same weight, the
heat exchanger with a low power consumption generddy had a large frontal.
area. lh some cases it may be possible to circumvent this difficulty by
ficlining the heat-exchanger face at an angle to the direction of the
oncondng air flow (fig. 11). The air flow is directed into the heat ex-
changer by a group of turning vanes. Another group of vanes redirects
the air as it leaves the heat exchanger. ~ this arrangement, even when
the cross section of the oncoming air stream is ftied, the frontal area
of the heat exchang= cem be varied by changing the angle through which
the heat exchanger is turned from its normal position. This angle is
identified as u (fig. 12). The advantage of such an arrangement, how-
ever, is restricted to heat exchangers with a length that is small rela-
tive to the width of the projetted area of the heat-exchanger face; other-
wise, the total width of the arrangement becomes considerably larger than

‘ the width of the approaching air stresm (see fig. IL). In this report,
the configurations are compared for equal projetted face area; no attempt
is made to evaluate the total wi~th of the arrangement.

Turning the flow twice in its direction causes pressure losses, and
the question arises as to how much these losses increase the power ex-
penditure and through what angles various heat-exchanger configurations
must be turned to create optimum conditions.

.

.
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Terms that describe the losses connectedwith the turning of the
flow have to be added to the relations for the energy expended to direct
the flow through the heat exchanger (eqs. (22) and (24)). Very little
information is contained in the literature on losses in turning vanes
that turn the flow through a considerable angle and at the same time
decelerate it. For this reason, the turning losses will be introduced
into the following optimization for a specific vane configuration for
which the losses can be obtahed by calculations when the flow is assumed
to be incompressible. This configuration consists of a row of straight
blades srrangedparal.lel to the direction of the flow passages through
the heat exchanger (fig. 12). H the conservation of momentum is con-
sidered for a control area, as indicated by the dashed block in the fig-
ure, the following result is obtained: The flow enters the control area
through the plane 1-1’ in the direction of the duct with a velocity VO.
The momentum flow in the direction of the heat-exchauger passsges through
plane 1-1’ is given accordingly by the following expression:

The flow
psrallel
spending

From the
V() and

mVo cos a

leaves the control area through plane 2-2’ with a velocity
to the heat-exchan$er passages of magnitude Vfi. The corre-
momentum flow is

‘Vfr

consideration of continuity, it follows that the two velocities
Vm are connected by the following relation:

‘fr =Vocosa .-

5is shows that the momentum flows in the heat-exchanger passage through
planes 1-1’ and 2-2’ are equal. 3X the tier of va=s in the duct is
sufficient, it has to be expected that the flow conditions through plane
1-2 are exactly the seineas through plane 1’-2’ so that no net momentum
transport into the control area through these planes occurs. Correspond-
q~, M ti~e of momentum of the flow in passing through the control
erea occurs; snd, as a consequence, the static pressures in the =ea 1-1”’
and the srea 2-2’ have to be equal. In other words, the decrease in
velocity occurs without en increase in static pressure. After passing
the heat exchanger, the flow has to be turned back h the direction of
the duct, and at the ssme time it is accelerated to the velocity in the
smaller duct area. This turning of the flow with the accompanying accel-
eration can be accomplished with very good efficiency by turning vsnes
so that in the present calculation it will.be assumed that this turning
is effected without losses. Correspondingly, Bernoulli’s equation de-
scribes the pressure drop from the exit plene 3-3’ to the plane 4-4’ in
the duct downstream of the heat-exchanger passagej

—..-..-.. .-. ——...-—— —. —
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$ $
P3+Pe7=P4+Pe7

IYromthe continui~ it follows that

‘3
‘4 = Cos a

Therefore,

Pevg
P3

(

.p4. T ,-+
cos a

Because of the turning aspects alone,

)
p~~z

-1=
2pe

tti2a

NACA TN 3713
,,

(29)

there is a drop ti static pressure

“:
la

from pl to p4 that is equal to p3 - p4. The clifference in total

pressure caused by the inlet vanes is found from p3 - p4 by adding the ●

kinetic energy in plane 1-1’, where the velocity is Vti, and subtracting
the kinetic en=gy h plane 4-4t. The total-pressure drop connected with
the turning of the flow can be eqyessed by en equation of the form

analogous to the pressure drops for friction and acceleration. This
resul& in the fo-~wing

%=

The losses calculated in
for the turning losses.

val&3 of the loss perameter:

()~$tan2a=~ ~-l
Pe cos a Pe

(30)

(31)

this wsy @ould lead to an estimate that is high
By a good design of the decelerating vanes ahead

of the heat -&anger, it sho~d be possible to reduce these-losses con-
siderably. Addition of the t= ~ tnto the square bracket on the
right side of equations (22) to (24) mekes them applicable to heat ex-

_ers srr~ed at - ~le a to the onco~ stresm and equipped
with turning vanes. With this addition, equation (24) becomes

@ fRe2 Tu ~ v;

: = Zp:%(ti
—.

-ti x /
2P&mcp(t~ ~.- ti) d;q@ %

.,

.

.-.-— ..— —— —.— .. ..— .
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Equations (17) and (18) for Q/v and Q/W remain as previously pre-
sented. For the numerical evaluations in the next section, it is assumed
that the heat capaci~ of the second fluid may be very large (m’~ >> m%)

so that !I!uas given %y equation (8a) is now inserted into equations (17)
and (18). It may also be specified that the temperature inaease in the
primary fluid in the heat exchanger is moderate, so that the acceleration-

Pc
10ss term — - 1 in equation (32) can be omitted.

Pe

OPTIMIZM!ION OF INC- HE&l!EXCHANGERS

The optimization of heat exchmgers is studied in the following way:
It is assumed that clifferent heat exchangers are to be compared which all
have to transfer a certain smount of heat Q with prescribed initial
temperature clifference, prescribed state of the oncoming air flow, and
prescribed thermal effectiveness. Also, the weight or the core volume of
the heat exchanger will.be assumed as fixed in the comparison. Addition-
ally, the heat-c~acity rate of the semnd fluid may he very large
(m’% >> mcp) so that Tu is given by equation (8a). Figures 5 and 7 or

figures 6 and 8 make it possible to determine the relative frontal areas
of the heat-exchanger configurationsthat =e considered for the optimi-
zation. The configuration that requires the smallest frontal srea corre-
sponding to the largest value of the parauieter uRe or aRe/dh is
designated as the standard exchanger. It is assumed that this heat-
exchanger core is arranged normal to the onco~ ti stream (a = O).
All other heat exchangers then require a larger frontal area and have to
be arranged at a certti angle to the duct when the duct area is required
to be the same as for the standard =changer. The augle at which the heat
exchanger has to be arrsmged can be obtained from the condition that for
a constant duct area and a constant cooling air mass flow, the two duct
velocities Vo,a and Vo,b must be equal. Here, the subscript a

refers to the standard exchauger and the subscript b to some other ex-
changer. The following equation results for the angle at which heat-
exchanger b has to be arrauged:.

ah Vc b

cos o&~&--
a c,a

(33)

Replacing the core velocities by the corresponding Reynolds nunbers re-
sults in the following final equation:

‘bR% %, acos ~ = ~aRea dh,b—— (34)

The prop=ties p aud p are equal in both cases and, hence, disappear
from this relation.
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For a prescribed value Q/v or Q/W, the abscissa parameter in
figures 7 to 10 cau be determined from the appropriate equation (17) or
(18). From the corresponding ordinate paremeter and figures 5 and 6, the
Reynolds nwikr can be obtained. Equation (34) fixes the angle a
through which each cotiiguration must be turned to matitain the constant
p~jected face area. When this angle is hewn, the power required per
unit of heat transferred can be calculated from equation (32) with accel-
eration 10ss omitted. The values I?/Q mq now be compared for the dif-
ferent configurations, and that heat-exchanger configuration which re-
quires the least power has to he considered as the optimum cotiiguration.
Such a coqsrison has been made end is presented in figures 1.3to 16.
Values for Kc were tsken from reference 14 (fig. 52) and various hand-
books. The dashed line h each figure represents the staudard exchanger
(exchanger 2, fig. 3) arranged normal to the main flow (a = O). All
other exchangers must be placed at an angle to the duct to obtain the
same duct cross-sectional mea. Angles are indicated for several values
of the abscissa. At each abscissa location, the angles reading from top
to bottom refer to the curves reading from top to bottom (e.g., in fig.
13(a), at a value of the abscissa of 10, heat exchanger 1 must be in-

●

clined at an angle of 53.2°).

h some cases it my be noted that one or more of the exchangers is
missing from the comparison. This situation occurs when the friction and
Stanton parameters sre not known in the required Reynolds nuniberrange.
Three plots, which correspond to three values of the thermal effectiveness
of the heat exchanger (O.3, 0.5, and O.7), are presented in each figure.

Figure 13 shows the value that is proportional to n/Q for heat
exchangers plotted against a parameter proportional to Q/v with the
assumption that the different heat-exchang= configurations are compared
for the hydraulic dismeters for which each configuration has been inves-
tigated (ref. 11 or fig. 3). Figure 14 presents the same compsrison when
the various configurationshave the same Iq@raulic dismeter. Figures 15
and 16 show the results of an analogous cmparison based on equal weight
for the various heat exchangers.

From figures 13 and 14 it can be observed that, for fixed values of
the abscissa, increases in the thermal-effectivenss parameter q

T

result
in increased values of required power. For instsnce, figures 13 a), (b),
and (c) show that for an abscissa value of 8xl& (proportional to Q/v)
the values proportional to N/Q corresponding tO VT = 0.3$ 0.5, ~d
O.7 for the standard heat exchanger are about 1500, 2000, and 4000XL010,
respectively.
ures 13 and 14
smaller values
qT ~~eases.

Moreover, for those heat-exchanger configurations in fig-
that shuw crossuver, the points of crossover occur at
of the abscissa as the thermal effectiveness parameter,
Similsx results are also noticeable in figures 15 and 16. -

.
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Figures M to 16 show that the hydraulic diameter should be con-
sidered in the optimization of incltied heat exchangers as well as in
normal heat exchangers. It cau also be recognized from the figures that
considerable savings b the power -ended can be obtained by a proper
choice of the exchanger configuration and by inclined orientation in the
duct for the primary fhid, especially when the heat-exchanger weight is
of primary importance. In figure 15(a), for instsnce, the best configu-
ration consumes a power that is qproximately one-fifth to one-eighth the
power requtied for the configuration with largest ordinate (proportional
to N/Q). ~ this connection it should be remefiered that turning losses
were estimated on a conservativebasis. Even larger savings in power will
be experienced when the turnimg losses can be reduced by proper turning
vanes.

suMMARYoFREsm

The selection of an optimum configuration for a heat
one dominathg film resistance was discussed. The amount
ferred per unit time and the mass flow and inlet state of

exchanger with
of heat trans-
each fluid were

prescribed. Power required to drive the primary fluid was optimized with
respect to weight, volume, or frontal area for a group of heat exchangers
presented in references IL and 12 as illustrative examples. Results ob-
tained from these optimization are summerized as follows:

1. No heat-exchanger configurationwas found which can be considered
the best under all conditions. It is probable that such an optimum con-
figuration does not exist.

2. For a given volume, the heat exchanger that required the least
power to drive the primary fluid had the smallest frontal velocity (or
the largest frontal area).

3. A heat exchanger that is good with respect to
also good with respect to weight.

4. In the comparison of heat exchang=s with the

volume is usually

ssme frontal area,
geometries that produce snmoth flow without separation reqtie the least
power.

5. In the comparison of heat exchangers with equal volume or weight,
geometries requiring the least power are those which encounter a fair
amount of flow disturbance and separation.

6. For given weight or volume, the..power required to-drive the pri-
mary fluid through an exchanger inclined at au angle to the approaching
fluid is less than that requtred for a mtnimum duct-srea exchanger
arranged normal to the flow when the projetted frontal area of the

. . . . —.-—.——.-— —— ——.-—
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inclined exchanger”equals the minimum duct area of the normal exchanger.
This advantage is sufficiently large that it will still persist when the
pro~ected frontal area is only moderately larger than the duct area.

7. The effect of change in scale of the various configurations was
det~ed by optimbing for assumed equal hydraulic dismeters. The
results showed that a change in scale altered the order of preference of
the exchanger when mimimum power is required.for a prescribed weight,
volume, or frontal area.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics

Cleveland, Ohio, Februery 29, 1956

_—-—-.-—. .—-. .—. —.— -.
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JwPlmmx- SYMBOLS

The following symbols are used h this report:
.

heat-transferring area .

free-flow area

fin area

frontal area

circumference

specific bat

specific heat

of passsge in heat exchanger

at constant pressure of

at constant pressure of

hydraulic diameter

friction factor

heat-transfer coefficient

pressure-drop

thermal mnductivity

duct length

one-half fin

mass flow of

mass flow of

primary fluid

secondary fluid

power required

total pressure

Prandtl number,

static pressure

heat flow trsmferred in exchanger

hydraulic radius, MC

primary fluid

seccndary fluid

. ..-— —. . . . ..— —.— --— — — ———-——



22

Re

St

s

Tu

t

%

t’

u

v

v

w

a

llo

~f

?T

P

P

a

‘c

Reynolds ntier, pVd~~

Stanton nunber, h/~V
.

thickness of exchangeF walls “ -

nuniberof transfer units

primary fluid temperature

wall temperature

secondary fluid temperature

over-all heat-transfer coefficient

velocity ‘

heat-exchanger mre volume

heat-exchanger weight

angle of heat exchamg=

surface effectiveness

tuwsrds flow direction

fin effectiveness$ *

{
gz

thermal effectiveness

viscosity

densi@ of air

contraction of

fin thickness

heat-exchanger passages, &/~

Subscripts:

a standard heat exchang=s (a = O)

acc acceleration

NACA TN 3713
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b heat exchsmger other than standard exchanger (u # O)

c see fig. 1

e exit

end end

m F at film temperature
a)
m
m f fin

fr frontal

friction friction

i

m

t

0)1,1’,
2,21,

3,38,
4,4’

1..

2.

3.

4.

.

5.

inlet

mean

turning

see fig. li?
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